Species invasions are a global scourge. Nonetheless, they provide the appropriate evolutionary setting to rigorously test the role that interspecific competition plays in species evolution. The process of ecological character displacement, in which species diverge in sympatry to minimize resource use overlap, is one example. Here, we examine whether ecological character displacement occurs as the result of a species invasion and, if so, whether morphological adaptations subsequently evolve. We studied the invasion of the lizard Anolis cristatellus in Dominica, where the native Anolis oculatus occurs, and compared nine allopatric and 11 sympatric populations at two scales: across the island, where A. cristatellus invaded since 1998, and in the northeastern region (Calibishie), where the species arrived in 2014. Perch height and diameter, as well as body, limb and toepad traits, were measured on 593 adults. In sympatry, habitat divergence occurred rapidly but was associated with morphological divergence at the island scale only: A. oculatus perched higher and possessed shorter limbs, while A. cristatellus moved downward with associated longer limbs and, in females, fewer toepad lamellae. The different results for the two scales suggest that sympatry is too recent at Calibishie for morphological trait evolution to occur.
INTRODUCTION
Invasive species are a global scourge, responsible for driving species to extinction, imperilling ecosystems and causing billions of dollars in economic damage (Parmesan, 2006; Van der Putten, 2012) . Nonetheless, they do have one positive effect: in many cases, they represent inadvertent experiments of the sort that could not ethically be conducted intentionally (Tingley et al., 2014) .
One example is the novel juxtaposition of species with no evolutionary history of coexistence, setting the stage for a rigorous test of the theory of ecological character displacement, which proposes that initially ecologically similar species will shift resource use in sympatry to minimize competitive pressure and subsequently will evolve to adapt to the new resource use (Brown & Wilson, 1956; Grant, 1972; Schluter, 2000; Violle et al., 2011) . Although the idea was proposed more than a half-century ago and is widely believed to be an important factor driving evolutionary divergence, few well-established cases have been documented (Stuart & Losos, 2013) . One reason for this lack of evidence is the difficulty in conducting experiments over the appropriate ecological and evolutionary scales. Invasive species, by coming into contact with similar species with which they have no recent evolutionary history, provide inadvertent tests of the character displacement hypothesis.
Lizards in the genus Anolis have played an important role in the development of character displacement. A large body of evidence (reviewed in Losos, 2009) indicates that these insectivorous lizards compete interspecifically for food and partition habitats and resources to minimize competitive pressures. Schoener (1970) first proposed that character displacement was responsible for size differences among coexisting species in the Lesser Antilles, a finding subsequently bolstered by phylogenetic analyses (Losos, 1990; Butler & Losos, 1997; see review in Losos, 2009 ). Williams (1972 Williams ( , 1983 extended this reasoning to suggest that character displacement was key to the adaptive radiation of anoles, resulting in the evolution of multiple habitat specialists, termed ecomorphs. In agreement with the character displacement hypothesis, Stuart et al. (2014) showed that native anoles in Florida shifted their habitat use and evolved morphological adaptations in the presence of an invasive anole species.
Here, we examine a situation in which two ecologically similar species have been brought into coexistence by a human-caused introduction, presenting the rare opportunity to examine a possible case of character displacement as it occurs. The island of Dominica is naturally occupied by a single species of anole, Anolis oculatus, a generalized intermediate-sized species usually found on ground and trunk perches. Sometime around 1998, an invasive anole species appeared at the southern end of the island (Eales, Thorpe & Malhotra, 2010) . Anolis cristatellus, native to Puerto Rico, is ecologically and morphologically very similar to the native A. oculatus, so much so that several scientists predicted that the species would compete strongly, possibly even leading to the extinction of the native species (Malhotra et al., 2007; Daniells et al., 2008) .
The situation in Dominica thus presents a clear test. If character displacement occurs, we would expect the two species to diverge in habitat use, followed by divergence in body, limb and toepad morphological traits when in sympatry (Losos, 2009) . Moreover, because the invasive species has spread northward since its time of introduction, we can compare populations that have only recently come into contact in the region of Calibishie with those that have been coexisting for more than a decade elsewhere on the island. Finally, because the spread of A. cristatellus has been patchy (due to the random spread of this species along the main road), allopatric populations occur throughout the island, allowing the comparison of ecological and morphological traits in the two contexts (i.e. allopatry vs. sympatry) for the two species.
MATERIAL AND METHODS

Study SiteS and SpecieS
From 1 May 2016 to 9 June 2016, a total of 775 lizards (593 adults and 182 juveniles) were sampled at two spatial scales: in sites spanning the entire island and within the Calibishie region (Fig. 1, Table 1 ). The sampled lizards were marked with a sharpie pen, and each population was studied for two to four consecutive days (preventing the risk of resampling the same individual after shedding). All necessary research permits (Dominican Ministry of Agriculture and Fisheries, Figure 1 . Distribution of the sites (Table 1) sampled across Dominica (A) with a zoom on the Calibishie region (B, with a picture of a banana farm sample site). Shading indicates context (allopatry vs. sympatry) and species sampled.
Forestry, Wildlife and Parks division) and IACUC agreements (Harvard University) were obtained to perform this study.
Long-term coexistence: island scale
In total, 221 adult lizards were sampled in 11 sites in diverse habitats (e.g. banana farms, open and closed forest, botanical gardens) across the island in areas where the species are present alone (three A. cristatellus and two A. oculatus sites) or in areas where the two species co-occur sympatrically (six sites, Table 1 ). For each island region studied, allopatric and sympatric sites were sampled, limiting a possible 'region' bias when evaluating the effect of context (Table 1) .
Dating the A. cristatellus invasion in each area is not straightforward. Nonetheless, according to the residents and previous studies (Eales, Thorpe & Malhotra, 2008; Eales et al., 2010) , we can estimate the A. cristatellus 'first occurrence' date in the different populations, which ranges from a couple of years to more than a decade ago (Table 1) .
Short-term coexistence: Calibishie scale
In total, 372 adult lizards were sampled in five sympatric and four allopatric sites in a standardized banana farm habitat in the region of Calibishie (Table 1, Fig. 1 ). Each site was represented by a banana farm, delimited by either natural (cliff, beach and river) or artificial (road, houses) barriers. Moreover, the home range size of Anolis lizards is relatively small (ranging from 1.40 m 2 for Anolis sagrei to 38.20 m 2 for Anolis angusticeps; Schoener & Schoener, 1982) . Thus, the distance between the sampled sites in this study (minimal distance between sites = 118 m), added to the physical barriers separating them, allowed us to treat the sites as independent for the study period. According to the information from residents, A. cristatellus arrived in this region no earlier than 2014.
perch uSed meaSurementS
For each sampled individual, perch height and diameter were measured to the nearest centimetre at the location where the lizard was seen for the first time during the observation period (ranging from 7:00 am to 1:00 pm).
morphological meaSurementS
Each lizard was captured by noose or hand, brought to the field house for measurements and replaced at its point of capture within 10 h. Fitch, Henderson & Guarisco, 1989; A. oculatus: Lazell, 1972) .
Limb traits
For each individual, the humerus, radius, metatarsus and longest toe of the forelimb as well as the femur, tibia, metatarsus and longest toe of the hindlimb were measured with a digital caliper following the protocol of Herrel et al. (2001) .
Foot and hand toepad area and lamella number
Pictures of the right foot and hand of each lizard were taken and scaled. Based on these pictures, the area of sub-digital pad of the fourth (longest) toe was measured with the ImageJ software following the protocol of Crandell et al. (2014; Supporting Information, Fig. S1 ); area was measured from where the next most distal lamellae is wider than the previous one to the end of the digit. The number of lamellae under the fourth toe was also recorded.
StatiStical analySeS
Statistical analysis was conducted with R-v3. (R Development Core Team, 2011). Normality and heteroscedasticity of distributions were checked by plotting the model's residuals. The significance level was set to 0.05 and adjusted for multiple comparisons with the sequential Bonferroni procedure when necessary. Separate analyses were performed for the adults from Calibishie and those of the rest of the island. For each analysis, a global model was run (with all the factors -mentioned below -and all the two-and three-way interactions) and the final model was selected based on the Akaike information criterion (AIC). When a three-way interaction was significant, three post hoc analyses (linear mixed-effect models) were performed by separating either the two species, the two contexts or the two sexes to disentangle the effect of each factor. Perch height and diameter data were analysed with linear mixed-effect models with the context, the sex and the species (and all the two-and three-way interactions) as factors and the site as random effect.
A principal component analysis (PCA) with varimax rotation was performed on the residuals of regressions of each body and limb trait against SVL to remove body size effects. Linear mixed-effect models were performed on the first two axes (which had eigenvalues greater than one and were thus retained for further analyses) with the context, the sex and the species (and all the two and three levels of interaction) as factors and the site as random effect.
For analysis of the toepad traits, mixed-effect model was performed, with SVL as covariate; context, sex and species (and all the two-and three-way interaction) as factors; and site as random effect. At both island and Calibishie scales, the same general pattern was observed with sympatric A. cristatellus perching lower and A. oculatus perching higher compared to allopatric context (context:species significant effect; Table 2 , Fig. 2 ). At the island scale, the interaction between context and species on perch height is due to A. oculatus using significantly higher perches in sympatry (contrast Tukey: d.f. = 9, t = −2.327, P = 0.044), while the habitat shift is not significant for A. cristatellus (contrast Tukey: d.f. = 9, t = 0.261, P = 0.800). At Calibishie, the interaction context:species effect on perch height is explained by the significant difference between the two species in sympatry (contrast Tukey: d.f. = 359, t = −2.415, P = 0.016), while in allopatry, the two species used the same perch height (contrast Tukey: d.f. = 359, t = 1.124, P = 0.262). At Calibishie only, females perched lower than males for both species (Table 2) . At both island and Calibishie scales, neither species nor contexts differed in perch diameter, but at Calibishie, females used broader perches than males (Table 2) .
Body and limB morphology
The first two varimax PCA axes explained a total variance of 42% (axis one RC1: 24%; axis two RC2: At the island scale, the relative number of foot lamellae was lower for females than for males (sex: d.f. = 200, t = 3.731, P < 0.001) and for A. cristatellus compared to A. oculatus (d.f. = 200, t = 3.953, P < 0.001). However, the three-way interaction between context, species and sex is also significant (context:species:sex d.f. = 200, t = −2.297, P = 0.023). To disentangle the effect of each factor, we performed separate analyses (Supporting Information, Table S1 ) showing that the divergence between the two species in sympatry is due to the decrease of foot lamella number for female A. cristatellus in contrast to the increase of foot lamellae number in female A. oculatus (Supporting Information, Table  S1 ; Table 5 ; Fig. 4) . At both scales, neither foot and hand toepad area nor hand toepad lamellae number differs between contexts. Females possess smaller hand and foot toepad areas as well as hand lamellae number compared to males (Table 5) . Also, the foot and hand toepad areas do not differ between the species for females, but are higher for male A. cristatellus than A. oculatus (Supporting Information, Table S2 ). The pattern is different for the hand lamella number where both male and female A. oculatus present higher values compared to A. cristatellus. At Calibishie, A. oculatus presents higher foot lamella number than A. cristatellus (Supporting Information, Table S2 ).
DISCUSSION
This study reveals rapid ecological character displacement resulting from the invasion of an ecologically similar species to an island containing only one native species of Anolis lizard. In sympatric populations, the native A. oculatus used higher perches, while the invasive A. cristatellus used lower perches compared to allopatric populations of both species (Fig. 5 ). This habitat shift is associated with a change in limbs and toepads in populations that have been sympatric with the invader for a decade or more (Fig. 5) . However, in populations in which sympatry has only recently occurred (within the past 2 years, in the Calibishie region), the same perch height shifts were observed without concomitant morphological change. Our prediction is that continued sympatry in Calibishie will lead to a morphological change in the near future, just as it has elsewhere in the island.
The habitat use and morphological (limb and toepad) divergences observed between A. cristatellus and A. oculatus in sympatry are in accordance with the results of Anolis invasions elsewhere. For example, Stuart et al. (2014) recorded the native A. carolinensis The significant results are in bold. AIC, Akaike information criterion; NA, not applicable.
in Florida perching higher in the presence of the invasive A. sagrei; a similar shift was exhibited by Anolis conspersus on Grand Cayman in the presence of invasive A. sagrei (Losos, Marks & Schoener, 1993) . More generally, a large body of observational and experimental comparative data indicate that anoles alter their habitat use in the presence of sympatric congeners to minimize overlap (e.g. Schoener, 1975; Lister, 1976a; Pacala & Roughgarden, 1985; reviewed in Losos, 2009) . Also, similar to the situation in Dominica, data both from invasive species and from comparisons of natural populations indicate that species diverge in morphology according to the new habitat used (e.g. toepad reviewed in Stuart et al., 2014; limb length reviewed in Losos, 2009 ) when sympatric with other anoles (see also Schoener, 1970; Lister, 1976b) . The morphological shifts observed in Dominica are in accordance with adaptive morphological differences seen among other anole species (reviewed in Losos, 2009 ). In general, more terrestrial species tend to have longer legs, better for running rapidly on broad surfaces, whereas species using higher perches evolve shorter legs for stability. In addition, betterdeveloped toepads occur in more arboreal species, providing greater clinging capability. The shifts observed in the island-scale comparisons between A. cristatellus, which becomes more terrestrial in sympatry, and A. oculatus, which becomes more arboreal, are consistent with these trends. One anomaly with our results, however, is that we did not find A. oculatus in sympatry to be using narrower perches. Among anole species, those that perch higher tend to use narrow perches and thus evolve shorter limbs for agility. It is possible that shorter limbs in A. oculatus are evolving for other reasons. Alternatively, it is certainly true that lizards using more arboreal habitats encounter more narrow branches than those on the tree trunk near the ground, so selection may have been favouring shorter limbs in these populations, even if we failed to observe the lizards using narrower branches. It may be that the sympatric A. oculatus do use narrow branches higher in the tree, but do so only rarely and thus were not observed.
The island-scale differences on the limb and toe-pad traits between sympatric and allopatric populations could be explained either as evolved genetic differences or as the result of phenotypic plasticity. The fact that the ecological differences also occur at Calibishie, but are not accompanied by morphological changes, suggests that phenotypic plasticity is not involved. Rather, it suggests that the differences observed at the island scale are genetically based. The Calibishie populations, which have only been in sympatry for 2 years, have not yet had time to evolve adaptively in response to the new conditions (alternatively, the short distance between study sites in Calibishie may lead to high levels of gene flow, preventing evolutionary divergence). Nonetheless, the plasticity hypothesis should be tested directly in both species with a common garden study. Such a study was conducted on A. oculatus from different populations occurring across a rainfall and temperature gradient environment across Dominica. This study found minimal evidence for phenotypic plasticity, suggesting that the inter-population differences were genetically based (Thorpe, Reardon & Malhotra, 2005) . Our study also finds evidence for sex-specific selective pressures differing between allopatry and sympatry. Why such divergence between sexes occurred is not clear. However, sexual dimorphism is widespread in anoles (Butler, Schoener & Losos, 2000; Butler, 2007; Butler, Sawyer & Losos, 2007) , and at least, size dimorphism changes as a function of the number of congeneric anole species (Schoener, 1969) . In particular, our study revealed that only females diverged in the number of foot lamellae in sympatry, emphasizing the fact that males and females may respond differently to the same perch height shift due to interspecific competition. Indeed, the interaction between traits may differ between the sexes, as it was shown in Anolis carolinensis for which the females -using broader perches -exhibited longer hindlimbs relative to SVL, while this relationship was exclusively allometric for males (Dill et al., 2013) .
Contrary to the limb and toepad morphological traits, body stoutness did not change between allopatric and sympatric populations in either Calibishie or island-wide scales. This result may suggest that, even if the competition between the two species occurs, it may not drive a reduction in body condition for either species. Nevertheless, the nature of the competitive selection between A. cristatellus and A. oculatus is still unknown, as the interspecific competition may be by exploitation (e.g. for limited food resources) or by interference (e.g. direct agonistic encounter; Grether et al., 2009) . Regardless of the type of interaction driving the habitat shift, our results challenge previous suggestions (Malhotra et al., 2007; Daniells et al., 2008) that the native A. oculatus is unlikely to be able to coexist with the invasive A. cristatellus competitor. In contrast, A. oculatus is the larger of the two species, and Figure 5 . Summary of the main results shown in this study at Calibishie (top) and island (bottom) scales. For each scale, the main ecological and morphological changes from allopatry to sympatry are shown for Anolis oculatus (in orange) and Anolis cristatellus (in green), for males and females unless stated.
when we observed interspecific agonistic encounters, it was the aggressor, rather than A. cristatellus (C. Dufour, pers. observ.). Nonetheless, other mechanisms such as better parasite resistance may play a role in the coexistence of the two species (Schall, 1992) .
Over a relatively short period (less than two decades), A. cristatellus has spread throughout much of lowland Dominica. Future monitoring will be important to track the spread of this invasive species and record its impact. Although we argue previously that A. oculatus is able to coexist with the invader, future study is necessary to analyse whether patterns change through time. Certainly, by comparison to the substantial ecological and morphological divergence seen in the evolutionary radiation of Caribbean anoles (Losos, 2009) , we might expect divergence in ecology and morphology to increase considerably in the future. Moreover, Dominica is a rugged, mountainous island, and to date, A. cristatellus is only found in the lowlands. It would be reasonable to predict that A. cristatellus may adapt to cooler, more montane conditions and thus expand its range altitudinally. Should it do so, it will be interesting to observe whether patterns of sympatric divergence differ at different altitudes.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Figure S1 . Foot and hand toepad pictures of a male Anolis oculatus showing (A) 24 and (B) 15 lamellae on the fourth toe, which is the longest. The toepad area was measured between the two lamellae indicated by the red arrows. Table S1 . Statistical results from the final linear mixed-effect models (based on AIC) testing the foot toepad lamellae number by separating the two sexes, contexts and species according to species and/or context and/or sex (depending on the analysis) and the two-way interactions at the island-wide scale. Table S2 . Post hoc tests for the foot and hand toepad area and hand lamella number at both scales and for foot lamellae number at Calibishie scale. For each sex, the species effect was tested with contrast Tukey post hoc tests.
